Introduction
Each year influenza viruses cause significant morbidity and mor tality on a global scale (1) . Seasonal vaccination is currently the most effective intervention against influenza (2), yet overall vaccine effectiveness was only 36% in the recent 2017-2018 season (3) . Development of more effective influenza virus vaccines requires a deeper understanding of the host immune responses (4, 5) . The pandemiclike H1N1 influenza virus strain, A/Michigan/45/2015, was recently included as a component of the seasonal influenza vaccine (6) and has been recommended as a vaccine component for the 2018-2019 northern hemisphere influenza season. This study characterizes the antigenicity of 5 classically defined anti genic sites within the hemagglutinin (HA) head domain of this H1 strain in animals and humans.
Influenza virus is an 8segmented, singlestranded, negative sense RNA virus of the family Orthomyxoviridae (7) . The immuno dominant surface protein, HA, that coats the viral lipid membrane is composed of a head domain and a stalk domain. Classically, 5 antigenic sites were identified in the head domain of the labora toryadapted H1N1 strain, A/Puerto Rico/8/1934 (PR8) (8) . These antigenic sites, defined as Sa, Sb, Ca1, Ca2, and Cb ( Figure 1A ), were characterized using virus escape mutants and a panel of mono clonal antibodies (9) . Sa and Sb are located on the distal tip of each HA monomer, while Ca1, Ca2, and Cb are located prox imally, near the stalk domain. Virushost attachment occurs at the sialic acid receptor binding domain (RBD) located between Sb, Ca2, and Sa (10) .
Monoclonal antibodies showing hemagglutination inhibition (HI) activities to each of the 5 antigenic sites have been charac terized (11, 12) . Serum HI titers are a major correlate for protec tion against influenzarelated illness in adults and children (13, 14) . Significant efforts have been made to define a hierarchy of HI activities for the antigenic sites of the HA head to guide vaccine design. Angeletti et al. showed that antisera from BALB/c mice infected with PR8 had a greater number of antibodies targeting Sb, followed by Sa, Cb, Ca2, and then Ca1 (12) . Using antisera from ferrets infected with pre2009 H1N1 strains, Koel et al. showed that the greatest reductions in HI titers were due to amino acid mutations proximal to the RBD (15) . The HI hierarchy for the H1 vaccine strain, A/Michigan/45/2015, remains undefined. Addi tionally, HI hierarchies comparing all 5 antigenic sites of pH1N1 have never been established for the immune responses of humans. The present study used a reverse genetics system to create a panel of mutant viruses encoding mutant HAs that lack 1 of the 5 HI active antigenic sites. When antisera to A/Michigan/45/2015 were tested against this panel of mutant viruses, relative reductions in HI titers defined the HI dominances of specific antigenic sites.
Results and Discussion
Creation of a mutant virus panel for A/Michigan/45/2015. Using a reverse genetics system (16), a panel of 5 mutant viruses (H1ΔSa, H1ΔSb, H1ΔCa1, H1ΔCa2, H1ΔCb) was created in which classi cally defined H1 antigenic sites (Sa, Sb, Ca1, Ca2, and Cb, respec tively) were partially substituted with heterologous antigenic sites from either H5 or H13 HAs ( Figure 1B) . Mutant viruses were designed with an HA encoded by A/Michigan/45/2015 and the 7 remaining segments encoded by PR8. Previous observations sug Hemagglutination inhibition (HI) titers are a major correlate of protection for influenza-related illness. The influenza virus hemagglutinin possesses antigenic sites that are the targets of HI active antibodies. Here, a panel of mutant viruses each lacking a classically defined antigenic site was created to compare the species-specific immunodominance of the antigenic sites in a clinically relevant hemagglutinin. HI active antibodies of antisera from influenza virus-infected mice targeted sites Sb and Ca2. HI active antibodies of guinea pigs were not directed against any specific antigenic site, although trends were observed toward Sb, Ca2, and Sa. HI titers of antisera from infected ferrets were significantly affected by site Sa. HI active antibodies of adult humans followed yet another immunodominance pattern, in which sites Sb and Sa were immunodominant. When comparing the HI profiles among different species by antigenic cartography, animals and humans grouped separately. This study provides characterizations of the antibody-mediated immune responses against the head domain of a recent H1 hemagglutinin in animals and humans. HI profiles of animal antisera. Naive mice, guinea pigs, and ferrets were intranasally infected with 10 5 PFU of A/Michigan/ 45/2015 virus (H1N1). Sera were collected 4 weeks after infec tion (except for 2 of the 5 ferret antisera, which were collected at 3 weeks after infection). Animal antisera showed high HI titers (>1:160) against the WT H1 virus. Ferret antisera had the highest HI titers against WT H1 virus, followed by mouse antisera then guinea pig antisera. HI assays with the panel of mutant viruses (see Figure 1B ) revealed the greatest reductions in HI titers to mutant viruses containing substitutions surrounding the RBD. As discussed in a recent paper by Altman et al., immuno dominance hierarchy may be different for genetically different mouse strains (21) . BALB/c mice were used for this study. Mouse antisera had significant reductions in HI titers against H1ΔSb and H1ΔCa2. Minimal reductions were observed against H1ΔSa, H1ΔCb, gested that antigenically drifted influenza virus strains generally have 4 or more amino acid substitutions in 2 or more antigenic sites (17) . To ensure the loss of antigenicity for an individual antigenic site, each mutant virus in our panel contained 5 or more amino acid substitutions within 1 antigenic site. Additionally, several amino acid substitutions that were included in our panel were consistent with previously described escape mutations (18) . While our study focused on the classically defined epitopes of pandemic H1 hemag glutinin, several nonclassical epitopes have been described as being HI sensitive (11, 19, 20) . To measure the HI activities of these non classical epitopes, 2 additional mutant viruses were constructed: a mosaic H5/1 virus (mH5/1), in which all 5 classically defined H1 epitopes were replaced with H5like epitopes, leaving the nonclas sical epitopes intact; and a chimeric H5/1 (cH5/1), in which the entire H1 head domain was replaced with an H5 head domain. All mutant viruses were plaque purified and sequenced. All viruses showed high hemagglutination activities toward chicken red blood cells, which allowed us to use chicken red blood cells for subse Figure 1B) . Naive animals were intranasally infected with 1 × 10 5 PFU of a pandemic-like H1N1 virus, A/Michigan/45/2015, and antisera were harvested at 4 weeks after infection (except for 2 ferret antisera, which were harvested at 3 weeks after infection). The HI profiles for each species are listed; statistically significant reductions are in red and minimal reductions are in gray. Experiments were performed in technical duplicates. Circles represent averaged HI titers of an individual animal's serum. Bars represent the geometric mean ± geometric SD. Statistical significance was determined between the mutant virus to the WT H1 virus using Dunn's corrected Kruskal-Wallis 1-way ANOVA of the mean HI titers (*P ≤ 0.05, ***P ≤ 0.001, ****P ≤ 0.0001).
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in HI titer of a specific mutant virus compared with the respective WT H1 virus. By plotting the HI dominance indices of all 5 mutant viruses, subtle shifts in averaged HI dominance due to seasonal vaccination were revealed. A closer analysis of the HI profile of each individual donor showed wide variations in HI profiles for both pre and postvaccination antisera (Supplemental Figure 1) . Unfor tunately, due to the relatively small number of study participants, our analysis was not powered to detect any potential correlations between HI profiles and patient demographics. HI titers were not detected in donor samples using the cH5/1 virus, which displays a head domain to which humans are typ ically naive. Although evidence suggests that immunization to the 2009 pandemic vaccine may elicit an antibody response that is broadly crossreactive with the potential to bind H1, H5, and H3 hemagglutinins, these antibodies target the HA stem and are not active in HI assays (22) . Interestingly, HI activity was detected with the mH5/1 virus, a virus lacking all 5 class ically defined antigenic sites. Two of 18 donors had HI titers against mH5/1 in prevaccination samples, and 5 of 18 donors developed HI titers after vaccination. The detection of these HI titers sug gests that naturally occurring antibody responses against non classical HAhead epitopes are uncommon but can be boosted by immunization. It is possible that the mH5/1 virus may con tain incompletely substituted epitopes that are targeted upon vaccination. However, this is unlikely given that the antisera of all animals infected with WT H1 did not show any HI titers to the mH5/1 virus (Figure 2 ). Another explanation for the HI activities against mH5/1 could be the presence of antibodies that target the receptor binding pocket directly using a long CDR3 region. Such monoclonal antibodies have been isolated from humans and typically exhibit binding that is independent of mutations in the major antigenic sites (20, (23) (24) (25) .
and H1ΔCa1 (Figure 2A ). Guinea pig antisera showed no signif icant reductions for any specific site, but minimal reductions in HI titers trended toward H1ΔSb, H1ΔCa2, and H1ΔSa viruses ( Figure 2B ). Ferret antisera had a significant reduction in the HI titer against H1ΔSa ( Figure 2C ). Although a statistically signifi cant reduction in the Sa response was observed in ferrets and not guinea pigs, the biological relevance of this difference remains unclear due to the limited sample sizes. Using a panel of mutant viruses, HI hierarchies have been established for the antibody responses of mice, guinea pigs, and ferrets. These results support previous animal studies demonstrating the importance of the HI active antigenic sites surrounding the RBD (12, 15) .
Seasonal vaccination maintains the HI profile of humans. Human plasma samples were collected from 18 adult volunteers prior to vac cination with 2017-2018 seasonal vaccines and more than 4 weeks after vaccination. Study participants varied in age, sex, sample collection times, and specific types of vaccination (Supplemental Table 1 ; supplemental material available online with this article; https://doi.org/10.1172/JCI122895DS1). Human plasma samples were tested for HI activity against the WT H1 virus and against the panel of mutant viruses (see Figure 1B ). There was a broad range of HI titers observed against WT H1 virus ( Figure 3A) . Generally, HI titers against all viruses increased upon seasonal vaccination. Geometric mean analysis of the prevaccination antisera showed significant reductions in HI titers against H1ΔSb and H1ΔSa. H1ΔCa1 and H1ΔCa2 showed minimal but insignificant reduc tions. H1ΔCb showed similar HI titers to WT H1 virus. The averaged HI profile of the human cohort was preserved in the postvaccina tion antisera. These results confirm that the HI activities of human plasma mostly depend on the antigenic sites surrounding the RBD.
An HI dominance index was created to help analyze the data sets ( Figure 3B ). The HI dominance index equals the fold reduction posed. A single guinea pig antiserum interestingly overlaps with human antisera. This may be an outlier due to the limited number of animals studied during this investigation, or it may be a conse quence of the genetic variations of outbred guinea pigs. The differ ences among laboratory animals may be driven by speciesspecific immune responses as well as speciesspecific viral pathogenesis. When comparing the human profiles to the small mammal pro files these factors should be considered, in addition to differences in exposure route (e.g., immunization versus infection) and expo sure history. These observations are intriguing and warrant future speciestospecies direct comparisons. Longitudinal monitoring with larger cohorts of human donors will be required to assess whether HI titers against specific antigenic sites may correlate strongly with protection against influenzarelated illness.
Methods
For additional information, see Supplemental Methods. Study approval. The Icahn School of Medicine at Mount Sinai IRB approved the human studies. Informed consent was received from participants prior to inclusion in the study. Animal experiments were performed in accordance with protocols approved by the IACUC at the Icahn School of Medicine at Mount Sinai.
Statistics. Statistical data were generated with the GraphPad Prism program version 7.02. Statistical significance between groups was determined by performing 1way ANOVA with Dunn's corrected KruskalWallis test, where P ≤ 0.05 was considered significant. Comparison of species-specific HI profiles. This study provides a comparison of HI profiles among different species. Despite similar tendencies to target the RBD, animals and humans have distinct HI profiles. These differences can be seen when plotting the averaged HI dominance indices of all of the species together ( Figure 4A ). Ferrets and humans have higher Sa HI dominance indices than mice and guinea pigs. Mice have particularly high HI dominance indices for Sb and Ca2. The Ca1 HI dominance index of humans is higher than the Ca1 HI dominance indices of all 3 tested animal species.
Author contributions
Differences in HI profiles can also be visualized with antigenic cartography ( Figure 4B ). Mapping the HI titers of different species is possible because the HI assays were all performed with chicken red blood cells and the antisera of animals and humans were all exposed to WT A/Michigan/45/2015 virus. Furthermore, the antiserum from an individual's plasma and serum samples have a high degree of agreement for HI titers against H1 influenza (26) . Clear divisions appear among human, ferret, and mouse antisera. Ferret antisera are tightly grouped, whereas mouse, guinea pig, and human antisera are broadly distributed and less superim Figure 3B ) and antisera of infected mice, ferrets, and guinea pigs were plotted. (B) Absolute HI titers of postvaccination human plasma and antisera of infected mice, ferrets, and guinea pigs were mapped by antigenic cartography (27) . Plots were created from a reanalysis of the data sets shown in Figure 2A and Figure 3 .
